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Introduction
IgA nephropathy (IgAN) is the most common primary glomerulonephritis worldwide; diagnosis requires evaluation of a renal biopsy specimen [1] . Clinical risk factors predicting poor prognosis include time-averaged proteinuria, hypertension, decreased estimated glomerular filtration rate (eGFR) [2, 3] , and Haas' score for crescents, as well as histological lesions characterized by the Oxford classification (MEST score) [1, 4, 5] . IgAN is proposed to be an autoimmune disease with a multi-hit pathophysiological process [6] , influenced by genetic and environmental factors [2, [7] [8] [9] [10] . Key role in the multi-step process is played by galactose-deficient IgA1 (Gd-IgA1), the main autoantigen recognized by IgG autoantinbodies [6] . Notably, serum levels of Gd-IgA1, assessed using a lectin assay with neuraminidase-treated IgA1, are elevated in most patients with IgAN [11] and predict disease progression in Chinese patients [12] . Testing of serum levels of Gd-IgA1 may aid in predicting disease progression as it is found elevated in IgAN patients compared to controls [13] [14] [15] .
We tested a hypothesis that a combination of clinical, biochemical (serum Gd-IgA1), and histological markers improves the assessment of disease progression. We recruited 91 European Czech patients with biopsy-proven IgAN with a median follow-up 3.5±1.1 years since diagnosis. Notably, we used two assays to measure serum Gd-IgA1 levels: the current standard method that measures Gd-IgA1 after treatment with neuraminidase and a modified protocol that measured native Gd-IgA1 (without neuraminidase). Our results showed that serum levels of native and neuraminidase-treated Gd-IgA1 were associated with the rate of eGFR decline. However, Gd-IgA1 has not differentiated patients with low vs. high baseline eGFR. Therefore, we also assessed Gd-IgA1-specific IgG autoantibodies and have shown that patients with high baseline eGFR that was maintained during the follow up had low serum levels of these autoantibodies. Thus, early analysis of Gd-IgA1 and Gd-IgA1-specific autoantibodies may aid in the assessment of risk of disease progression.
Materials and methods

Subjects and samples
Serum was collected from 91 Czech patients at the time of diagnosis of IgAN, before renal biopsy was performed, and stored at -80˚C. Clinical and laboratory data are summarized in S1 and S2 Tables. The study was approved by the Ethics Committee of the General Teaching Hospital in Prague, Czech Republic. Written informed consent was obtained.
Assays for serum IgA, Gd-IgA1 and Gd-IgA1-specific IgG autoantibodies
IgA was measured by ELISA and the levels of Gd-IgA1 by lectin ELISA with a lectin from Helix aspersa (Sigma; HAA) specific for terminal GalNAc [16, 17] . The original method [11] used neuraminidase to remove sialic acid from IgA1 O-glycans to determine IgA1 with terminal GalNAc residues, including those that were sialylated. Here, we assessed lectin binding to [18] . Moreover, sialylation of galactose in GalNAc-galactose disaccharides neighboring the sites with terminal GalNAc impairs access of HAA lectin to terminal GalNAc moieties. Removal of sialic acid from Gd-IgA1 by neuraminidase treatment restores HAA reactivity. These results together suggest that binding of a GalNAc-specific lectin to Gd-IgA1 is modulated by sialylation of GalNAc as well as galactose in the clustered IgA1 O-glycans and that HAA assay using native IgA1 (i.e., not treated with neuraminidase) and IgA1 pre-treated with neuraminidase will provide two types of assessment of Gd-IgA1. Serum levels of galactose-deficient IgA1 were expressed in units defined as the ratio of OD determined for the individual sample and the OD for a standard Gd-IgA1 protein. 100 U of Gd-IgA1 was defined as OD of 100 ng of Gd-IgA1 standard. Levels of serum IgG autoantibodies specific for Gd-IgA1 were measured using ELISA with Gd-IgA1 as an antigen, as described [19] . Specifically, Gd-IgA1 (2.5.ug/ml) was directly coated on ELISA plates, blocked by 1% BSA-Tween, and then probed with IgG using serum diluted 500-fold. One unit was defined as IgG binding to Gd-IgA1 with OD (@490 nm) equal to 1.
Statistical analyses
We used discrimination analysis with transformed variables (i.e., the principal) to predict a membership in a group or category based several continuous variables (i.e., values for biochemical, clinical, pathological markers) [20] . To verify the correct discriminant ability, confusion matrix was constructed, which resulted in classifying each of the objects in those categories to estimate selectivity and specificity of the combined biomarker tests. Logistic regression was used to link the occurrence or non-occurrence of an event to explanatory variables. We have used logistic regression with program XLSTAT (www.xlstat.com) to validate the results of the discriminant analysis and for the calculation of ROC curves in the case of two groups.
Results and discussion
Sera were analyzed for IgA and Gd-IgA1, and eGFR was calculated using MDRD (Modification of Diet in Chronic Renal Disease) formula. During the follow-up period, the patients exhibited three outcomes, based on renal function at the end of follow-up and its change since diagnosis: 1) non-progressors (n = 70, with stable renal function during follow-up), 2) progressors (n = 7, defined by the decline of eGFR �50% from baseline, but with eGFR >15 ml/min/ 1.73 m 2 at the end of follow-up), and 3) patients who reached end-stage renal disease during follow-up (n = 14, defined as those with serum creatinine >400 μmol/L at diagnosis, eGFR <15 ml/min/1.73 m 2 at the end of follow-up, or those who started renal replacement therapy) (S3 Table) . Discrimination analysis was performed for eGFR, serum IgA, and serum Gd-IgA1 (without or with neuraminidase). eGFR alone as well as together with IgA and Gd-IgA1 divided the cohort of 91 patients in three groups (non-progressors, progressors, and ESRD) (S1 Fig, S3 Table) . Fourteen patients with IgAN who reached ESRD during the follow-up period had higher relative degree of galactose deficiency measured using native IgA1, i.e., without neuraminidase treatment (U/1 μg IgA) (S4 Table, However, this approach did not differentiate patients with stable vs. progressive disease. Therefore, we next assessed the remaining subjects who did not reach ESRD during the follow-up (n = 77). In these subjects, progressors had higher serum levels of Gd-IgA1 in both assays (with or without neuraminidase) than non-progressors ( Table 1) .
Next, we assessed potential correlations of histological findings (Oxford MEST classification of renal biopsy specimens) with clinical and biochemical data for 77 patients in the nonprogressors and progressors groups. For individual parameters of Oxford MEST classification, we found an association of score E with serum levels of IgA and Gd-IgA1 (U/mL; without neuraminidase) and with eGFR (see Median test in S5 Table) . Composite score (M+E+S+T) was associated with serum levels of IgA and Gd-IgA1 (expressed as a relative degree of galactose deficiency measured on native IgA1, i.e., without neuraminidase) and eGFR (see S6  Table) . ROC curve (AUC 0.936) with eGFR, biochemical markers (IgA, Gd-IgA1), and histology (individual MEST scores) shown in S3 Fig (ROC curve a) indicated that eGFR, serum Gd-IgA1, and histological findings (MEST scores) discriminated non-progressor and progressor groups (P values for selected variables: eGFR, 0.028; serum levels of IgA, 0.014; serum levels [U/mL] of Gd-IgA1 as a relative degree of galactose deficiency measured for IgA1 without pretreatment with neuraminidase, 0.004; and serum levels [U/mL] of Gd-IgA1 treated with neuraminidase, 0.047). ROC curve with clinical parameters (eGFR), and histological findings (MEST scores) had an AUC of only 0.836 (S3 Fig, ROC curve b) .
We next developed an ordinal logit model using XLSTAT software for assessment of 77 IgAN patients with eGFR values �60 ml/min/1. . Surprisingly, none of these biomarkers fulfilled this criterion. Therefore, we extended the analysis and measured levels of serum IgG autoantibodies specific for Gd-IgA1. This biomarker differentiated these two groups of patients ( S4 Fig, S5 Fig) . Specifically, serum levels of IgG autoantibodies were lower in patients with eGFR �60 mL/min/1.73 m 2 (group 1) than in patients eGFR <60 mL/min/1.73 m 2 (group 2) (P = 0.003; Table 4 ). Thus, low serum levels of IgG autoantibodies were characteristic for IgAN patients with eGFR �60 mL/min/1.73 m 2 at diagnosis who maintained good renal function during the follow-up. Both groups exhibited similar proteinuria at diagnosis (2.1 and 2.3 g/24 h, respectively), but patients in group 1 had lower proteinuria at the end of follow-up compared to patients in group 2 (0.7 vs. 1.7 g/24 h, respectively; Table 4 ). To assess the impact of treatment, we compared data for the patients treated with standard corticosteroid therapy. Notably, corticosteroid-treated patients in group 1 (n = 16) had lower proteinuria at the end of the follow-up than those in group 2 (n = 24) (0.62 vs 2.13 g/24 h, respectively, from the initial values of 1.97 vs. 2.67 g/24 h, respectively; S7 Table) . As previously published [21] , IgAN patients with a high risk of progression to dialysis/ death had high serum levels of Gd-IgA1 at the time of diagnosis. Another study confirmed elevated serum levels of Gd-IgA1 in Japanese patients with IgAN, but association with disease progression was not assessed [22] . In the study of 62 Caucasian patients with IgAN [23] , a higher serum level of Gd-IgA1 correlated with worse proteinuria; our results have not replicated this observation. In our study, we confirmed the association of Gd-IgA1-specific IgG autoantibodies in patients with IgAN with disease progression, in agreement with previous study that reported that the serum levels of IgG or IgA autoantibodies in IgAN patients associated with the absolute renal risk for ultimate dialysis or death [24] . A limitation of our study includes the calculation of glomerular filtration rate estimated with the MDRD formula, that has not been validated for eGFR �60 mL/min/1.73 m 2 . However, eGFR assessed with CKD-EPI formula showed similar results and no significant difference was found by Student's t-test between eGFR estimated with the MDRD formula and with CKD-EPI formula.
In summary, our results confirmed the levels of Gd-IgA1 as an important predictor of disease progression in Czech patients with IgAN. Levels of Gd-IgA1 with and without neuraminidase pre-treatment were associated with the rate of eGFR decline. This is, to our knowledge, the first report on a higher relative degree of galactose deficiency of native serum IgA1 predicting a faster eGFR decline and poor renal survival. Moreover, we found that renal function (eGFR) and one biomarker (serum levels of IgG autoantibodies specific for the Gd-IgA1) at the time of diagnosis can together predict risk of disease progression. Furthermore, low serum levels of IgG autoantibodies specific for Gd-IgA1 identified patients with IgAN who 
